Dynamical masses for the Hyades binary 80 Tauri by Torres, Guillermo
ar
X
iv
:1
90
8.
03
21
5v
1 
 [a
str
o-
ph
.SR
]  
8 A
ug
 20
19
Accepted for publication in The Astrophysical Journal
Preprint typeset using LATEX style emulateapj v. 12/16/11
DYNAMICAL MASSES FOR THE HYADES BINARY 80 TAURI
Guillermo Torres
Center for Astrophysics | Harvard & Smithsonian, 60 Garden St., Cambridge, MA 02138, USA; gtorres@cfa.harvard.edu
Accepted for publication in The Astrophysical Journal
ABSTRACT
The empirical mass-luminosity relation in the Hyades cluster rests on dynamical mass determinations
for five binary systems, of which one is eclipsing and the other four are visual or interferometric
binaries. The last one was identified and first measured more than 20 years ago. Here we present
dynamical mass measurements for a new binary system in the cluster, 80Tau, which is also a visual
system with a much longer orbital period of about 170 yr. Although we lack the radial-velocity infor-
mation that has enabled the individual mass determinations in all of the previous binaries, we show
that it is still possible to derive the component masses for 80Tau using only astrometric observations.
This is enabled by the accurate proper motion measurements from the Hipparcos and Gaia missions,
which constrain the orbital acceleration in the plane of the sky. Separate proper motion values from
Gaia for the primary and secondary provide a direct constraint on the mass ratio. Our mass measure-
ments, MA = 1.63
+0.30
−0.13 M⊙ andMB = 1.11
+0.21
−0.14 M⊙, are consistent with the mass-luminosity relation
defined by the five previously known systems, which in turn is in good agreement with current models
of stellar evolution.
1. INTRODUCTION
The empirical mass-luminosity relation (MLR) in the
Hyades cluster has been the subject of numerous inves-
tigations over the past decades. This mapping between
the mass of a star —its most fundamental property—
and its brightness offers a valuable way to test mod-
els of stellar evolution in a homogeneous population
with a well-known age (625 Myr; Perryman et al. 1998)
and chemical composition ([Fe/H] = +0.18 ± 0.03;
Dutra-Ferreira et al. 2016). Progress toward building
the Hyades MLR has been relatively slow, however, as
the essential ingredients are the dynamical masses, and
only a handful of binary systems suitable for this type
of determination have been found so far, and measured
sufficiently well.
The first example was the 5.6-day eclipsing binary
V818Tau (HD27130 = vB22)1, discovered by McClure
(1982), who published preliminary determinations of
the individual masses that were subsequently refined
by Schiller & Milone (1987). This remains the only
known eclipsing binary in the cluster consisting of nor-
mal stars. Dynamical masses for a second system, the
spectroscopic-interferometric binary θ2Tau (HD28139 =
vB72, P = 141days), were reported by Peterson et al.
(1993) and later revised by Tomkin et al. (1995) to re-
move an assumption on the mass ratio. Next came the
long-period visual binaries 51Tau (HD27176 = vB24,
P = 11.3 yr), 70Tau (HD27991 = vB57, P = 6.3 yr),
and θ1Tau (HD28307 = vB71, P = 16.3 yr), stud-
ied, respectively, by Torres et al. (1997a), Torres et al.
(1997b), and Torres et al. (1997c). The primary of the
latter binary is one of the four giants in the Hyades. All
five systems have been revisited over the years by other
authors with improvements in the dynamical masses in
some cases, or in the absolute magnitudes, but no other
binaries that are amenable to model-independent mass
1 We provide for reference the vB designations originating with
van Bueren (1952), which are also in common use in the literature.
determinations for the individual components have been
found in more than 20 years.
In this paper we report the first dynamical mass mea-
surements for a new system, 80Tau (HD28485 = vB80
= ADS 3264), a bright (V = 5.55), ∼170 yr visual bi-
nary discovered by Struve (1837). Its membership in the
Hyades is well established (van Bueren 1952), and is sup-
ported by results from the Gaia mission, among many
others. While the five previous systems have relied in
part on spectroscopy (radial velocities) to infer the mass
of each star, for 80Tau this is not practical because of
the long orbital period and the fact that the primary is
a very rapid rotator (v sin i ≈ 180 km s−1). This hinders
the determination of velocities with the requisite preci-
sion. Nevertheless, as we show below, it is still possible to
derive the individual masses using only astrometry. This
is enabled by two types of complementary astrometric
observations: i) ground-based measurements of the rel-
ative positions of the components collected by dozens of
visual observers over a full cycle of the orbit; and ii)
accurate parallaxes and proper motion (p.m.) measure-
ments for both stars provided by the Gaia mission, and
for the primary by Hipparcos . Together these p.m. con-
strain the mass ratio and contain valuable information on
astrometric accelerations, by virtue of the 24-yr interval
between the two space missions.
We describe the astrometric observations in Section 2.
Our modeling of the orbital motion is discussed in Sec-
tion 3, where we also present the results. We then use
them in Section 4 to investigate the MLR in the Hyades
and compare the empirical relation with current models
of stellar evolution. Final remarks are given in Section 5.
2. ASTROMETRIC OBSERVATIONS
2.1. Visual measurements
The discovery of 80Tau as a visual binary is credited
to Struve (1837), who first measured it in 1831 find-
ing a companion some 2.5 magnitudes fainter at a dis-
tance of 1.′′74 due north. In his honor the object also
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carries the double star designation STF 554. Some 180
measurements of the position angle and angular separa-
tion (θ, ρ) have been recorded in the 180 years since,
the latest one in 2015. They cover a full orbital cy-
cle, with a periastron passage around 1892. The vast
majority of these observations were made with a clas-
sical filar micrometer, while a few of the more recent
ones used the speckle interferometry technique or adap-
tive optics imaging. A listing of these measurements
as contained in the Washington Double Star Catalog
(WDS) was kindly provided by Brian Mason (U.S. Naval
Observatory, Washington D.C.), with the dates of ob-
servation uniformly transformed from Besselian years
to Julian years. To these we have added one obser-
vation from 1897 that was not included in the WDS
listing, which was made by Burnham (1906) very close
to periastron, and one from the Gaia/DR2 Catalogue
(Gaia Collaboration et al. 2018) that we constructed by
differencing the positions of the two components mea-
sured separately by the mission.
As a result of its long observational history, several vi-
sual orbits of 80Tau have been computed over the years,
and it was recognized early on as being a very eccentric
and highly inclined system, such that all of the mea-
surements are in the first quadrant. The orbit by Baize
(1980), based on observations up to about 1975, is the
one featured in the Sixth Catalog of Orbits of Visual Bi-
nary Stars2 maintained at the U.S. Naval Observatory.
According to Baize (1980) it has a period of 180 yr,
a semimajor axis of 1.′′00, an eccentricity of 0.82, and
an inclination of 107.◦6. However, that orbit no longer
matches the more recent data. A revised model was pro-
posed by Peterson & Solensky (1988) that is more ec-
centric (e = 0.901 ± 0.027), and a more recent one by
Izmailov (2019) increases the eccentricity even further to
0.979± 0.011.
While a few of the recent visual observations of 80Tau
were published with corresponding uncertainties, most
of them have no reported uncertainties at all. Because
the quality of any particular measurement depends sen-
sitively on many factors including the aperture used, the
observing conditions, and even the experience and dis-
position of the observer, the task of assigning realistic
uncertainties to observations of this kind is fraught with
difficulty, and there is no unique way to do this. After
some experimentation we have chosen to separate the
observations into four groups, and to assign nominal un-
certainties to the angular separations and position angles
within each group. For the position angles the uncertain-
ties were expressed in seconds of arc in the tangential
direction, σt, to account explicitly for the dependence of
the angular precision on angular separation: σt = ρ σθ.
This is important to properly weight the very few ob-
servations made near periastron, which were especially
challenging for this binary given the telescopes in use at
the time, as noted by Baize (1980). The four groups
we considered are: 1) observations prior to 1900, which
were all made with filar micrometers and small aper-
ture telescopes; these were assigned errors of σρ = 0.
′′13
and σt = 0.
′′10; 2) micrometer observations from 1900 to
about 1975, which received σρ and σt errors of 0.
′′06 and
0.′′025, respectively; 3) more recent micrometer measure-
2 https://ad.usno.navy.mil/wds/orb6.html
ments (σρ = 0.
′′03 and σt = 0.
′′042); and 4) speckle mea-
surements without published uncertainties (σρ = 0.
′′014
and σt = 0.
′′012). These values of σρ and σt are the result
of iterations of the analysis described later in Section 3
intended to achieve balanced residuals among the differ-
ent groups, i.e., to establish the relative weighting among
them. Further adjustments to the absolute scale of the
separation and position angle errors are described below.
Two measurements of 80Tau that were flagged as erro-
neous in the WDS were rejected, along with one position
angle and three angular separation measurements that
we found gave anomalously large residuals and were very
different from others near in time. We also reversed the
quadrant of an observation from 1886.97 that had pre-
viously been reversed in the WDS, as we found that the
original angle as published fits our new orbit well. Fi-
nally, precession corrections were applied to all position
angles to reduce them to the year 2000.0. In all we used
177 measures of the angular separation and 183 of the
position angle. We list all observations in Table 1 along
with their uncertainties and residuals from our adopted
model orbit discussed below.
2.2. Hipparcos and Gaia
80Tau is listed in both the Hipparcos Catalogue
(HIP 20995; van Leeuwen 2007) and the Gaia/DR2 Cat-
alogue (Gaia Collaboration et al. 2018), the latter con-
taining separate entries for the primary and secondary.3
The two Gaia estimates of the trigonometric parallax are
consistent with each other, and with the Hipparcos value
for the primary. Knowledge of the distance along with
the visual orbit can then immediately provide a measure
of the total mass of the system.
Beyond the visual observations described above, other
constraints on the relative orbit that are available include
the proper motions measured by the two missions, which
are different. The mean epochs of those measurements
are ∼1991.25 for Hipparcos and ∼2015.5 for Gaia. This
24-yr interval is long enough that orbital motion affects
the p.m. determination at each epoch, providing a mea-
sure of the acceleration in the plane of the sky. Brandt
(2018) performed a cross-calibration of the Hipparcos
and Gaia catalogs to place them on the reference frame
of Gaia/DR2, and produced a catalog of accelerations
consisting of three nearly independent proper motions for
each star: one p.m. near each mean epoch (µH and µG for
Hipparcos andGaia, with components in R.A. and Dec.),
and a third measurement given by the Gaia–Hipparcos
positional difference divided by the 24-yr time baseline
(µHG). As this last quantity is usually much more precise
than the other two, Brandt (2018) advocated subtract-
ing µHG from both µH and µG, which cancels out the
motion of the barycenter (typically irrelevant for mass
determinations). This gives two p.m. differences that are
well suited for constraining the relative orbit of a binary
(i.e., the total mass), even in cases where other types of
observations cover only a fraction of the orbit. Exam-
ples of the use of this astrometric information combined
with visual observations and with radial-velocity mea-
surements to infer component masses for binaries were
given by Dupuy et al. (2019) and Brandt et al. (2019).
3 DR2 3312536927686011520 and DR2 3312536923393893120,
respectively.
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Table 1
Visual Observations of 80 Tau
Year θ (◦) σt (′′) (O − C)θ (◦) (O − C)θ/σθ ρ (′′) σρ (′′) (O − C)ρ (′′) (O − C)ρ/σρ
1831.18 12.9 0.146 −3.68 −0.71 1.74 0.193 0.139 0.72
1836.96 9.8 0.146 −6.14 −1.15 1.5 0.193 −0.059 −0.30
1837.22 11.0 0.146 −4.91 −0.92 1.4 0.193 −0.156 −0.81
1839.16 13.9 0.146 −1.79 −0.33 1.6 0.193 0.061 0.31
1840.12 14.8 0.146 −0.78 −0.14 1.66 0.193 0.130 0.67
Note. — The position angles listed are the original ones; precession corrections were applied internally
during the orbital analysis. The uncertainties listed in the table correspond to the σρ and σt values given in
the text multiplied by the scaling factors fρ and fθ reported in Section 3, and represent the final errors used
in the solution described there. We also list the residuals in angular separation and position angle normalized
to their uncertainties σρ and σθ = σt/ρ. (This table is available in its entirety in machine-readable form.)
In those studies the radial velocities (typically in the
form of a measured velocity change for the primary)
served to provide the necessary constraint on the mass ra-
tio, which then enabled the individual masses to be calcu-
lated. For 80Tau we unfortunately lack sufficiently pre-
cise measurements of the radial velocities of the compo-
nents to show a statistically significant change with time.
This is due to the fact that the orbital period is very long
and we happen to be far from periastron, so that the stars
are now moving very slowly at about the same speed
when projected along the line of sight, i.e., the spectral
lines are completely blended. Furthermore, the primary
star is a rapid rotator (v sin i = 180 km s−1; Royer et al.
2002), making precise velocity measurements extraordi-
narily difficult.4 Thus, we are missing the spectroscopic
constraint on the mass ratio.
However, because Gaia measured the proper motion of
both components (µG,A, µG,B), and the values are appre-
ciably different, there is astrometric information on the
mass ratio that comes from the fact that the orbits of
the two stars around their common center of mass per-
turb the p.m. measured by Gaia in different ways that
are directly related to their masses. Conceptually, then,
provided the p.m. of the center of mass (µ0) can be deter-
mined, the ratio between the differences µG,A − µ0 and
µG,B − µ0 yields the mass ratio MB/MA. This is anal-
ogous to the situation in the direction perpendicular to
the plane of the sky, in which a single measurement of the
primary and secondary radial velocity in a binary at a
given time is sufficient to establish the mass ratio if the
center-of-mass velocity is known. The accuracy of the
mass ratio determination from the proper motions will
depend critically on how well the motion of the barycen-
ter can be constrained by other measurements.
To implement this idea we therefore proceeded differ-
ently than advocated by Brandt (2018): instead of using
the differences µH − µHG and µG − µHG for the primary
as our measurements to supplement the constraint on
the relative orbit provided by the visual observations,
we used the four p.m. measurements µH, µHG, µG,A and
µG,B as independent observables to constrain the orbits
4 The many existing velocity measurements of this bright star
in the literature show considerable scatter most likely due to this
difficulty (Abt et al. 1980). A claim has been made of periodic
variability with an orbital period of 30.5 days and a center-of-mass
velocity of γ = +29.3 km s−1 (Heintz 1981). This seems dubious,
however, as γ is more than 10 km s−1 lower than the velocity ex-
pected for 80Tau from its position in the cluster, and especially
since more recent velocity measurements have failed to follow that
orbit.
of both stars (and therefore their mass ratio), and to
solve for µ0 at the same time. These four measurements
are listed in Table 2 along with the correlation coeffi-
cients between the R.A. and Dec. components as given by
Brandt (2018) or the Gaia Catalogue. We also give the
mean epoch in each coordinate, as well as the parallaxes.
The Hipparcos parallax we report is the result of combin-
ing the values from the revised and original versions of
the catalog (ESA 1997; van Leeuwen 2007) in the same
60/40 proportions as recommended by Brandt (2018),
adding the same 0.20 mas error inflation in quadrature
as prescribed by his Eq.(18). The uncertainty for the
Gaia p.m. of the secondary has also been adjusted up-
ward as prescribed by Brandt (2018).
3. ANALYSIS AND RESULTS
Our procedure combines the visual observations with
the four p.m. measurements from Hipparcos and Gaia
into a single solution. The visual orbit is described by
the orbital period (P ), the semimajor axis (a), the ec-
centricity parameters
√
e cosωB and
√
e sinωB (where e
is the eccentricity and ωB the longitude of periastron for
the secondary), the cosine of the orbital inclination an-
gle (cos i), the position angle of the ascending node5 for
the equinox J2000 (Ω), and a reference time of periastron
passage (T ). Additionally we solved for the mass fraction
f = MB/(MA +MB) (more convenient for our purposes
than the mass ratio) and the R.A. and Dec. components
of the proper motion of the barycenter, µ∗α,0 and µδ,0.
The notation µ∗α we use here and in the following rep-
resents the p.m. in R.A. multiplied by the cosine of the
Declination.
Our method of solution used the emcee6 code of
Foreman-Mackey et al. (2013), which is a Python im-
plementation of the affine-invariant Markov Chain
Monte Carlo (MCMC) ensemble sampler proposed by
Goodman & Weare (2010). We used 100 walkers with
20,000 links each, after discarding the burn-in, and priors
for all variables were assumed to be uniform except for
P and a, for which we used log-uniform priors. To estab-
lish the optimal relative weighting between the angular
separation and position angle measurements we included
two more parameters, fρ and fθ, which represent mul-
tiplicative scaling factors for the uncertainties described
in Section 2.1. They are intended to result in reduced
5 In the absence of radial velocity information we followed the
usual convention of assuming the node for which Ω < 180◦ to be
the ascending node.
6 https://emcee.readthedocs.io/en/v2.2.1/
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Table 2
Proper Motion and Parallax Information for 80 Tau from Gaia/DR2 and Hipparcos
Source Comp µ∗α (mas yr
−1) µδ (mas yr
−1) Corr Average Epoch pi (mas)
HIP A +107.33± 1.05 −23.56± 0.64 −0.090 1991.35 / 1991.04 22.26± 1.01
Gaia–HIP A +108.446± 0.034 −23.719 ± 0.021 +0.244 · · · · · ·
Gaia A +108.92± 0.43 −22.14± 0.27 −0.293 2015.58 / 2015.63 21.12± 0.12
Gaia B +102.57± 0.30 −31.43± 0.15 −0.314 2015.58 / 2015.63 20.934± 0.069
Note. — The first three entries are taken from the acceleration catalog of Brandt (2018); the last is from
Gaia/DR2. “Comp” refers to the primary or secondary component, µ∗α represents the p.m. in R.A. multiplied
by the cosine of the Declination, and “Corr” is the correlation coefficient between the proper motions in R.A.
and Dec. The “Average Epoch” is given separately for the p.m. measurements in R.A. and Dec. The Hipparcos
parallax was calculated from the values reported in the revised and original versions of the catalog (ESA 1997;
van Leeuwen 2007) with the same 60/40 linear combination recommended by Brandt (2018), following his
Eq.(18).
χ2 values near unity for each type of observation, and
were solved for simultaneously and self-consistently with
the other parameters (see Gregory 2005). The adopted
priors for fρ and fθ were log-uniform. Convergence of
our MCMC procedure was checked by visual inspection
of the chains, and by requiring a Gelman-Rubin statis-
tic (Gelman & Rubin 1992) less than 1.05 for all 12 ad-
justable parameters. Our likelihood function is
lnL = −0.5(χ2ρ + χ2θ + χ2H + χ2HG + χ2G,A + χ2G,B),
where the chi-squared terms in this expression are
χ2ρ =
Nρ∑
i=1
(ρi − ρˆ[ti])2
(fρσρ)2
+
Nρ∑
i=1
ln(fρσρ)
2
χ2θ =
Nθ∑
i=1
(θi − θˆ[ti])2
(fθσθ)2
+
Nθ∑
i=1
ln(fθσθ)
2
χ2H = (µ
∗
α,H − µˆ∗α,H)2C−1αα,H + (µδ,H − µˆδ,H)2C−1δδ,H
+ 2(µ∗α,H − µˆ∗α,H)(µδ,H − µˆδ,H)C−1αδ,H
χ2HG = (µ
∗
α,HG − µˆ∗α,HG)2C−1αα,HG
+ (µδ,HG − µˆδ,HG)2C−1δδ,HG
+ 2(µ∗α,HG − µˆ∗α,HG)(µδ,HG − µˆδ,HG)C−1αδ,HG
χ2G,A = (µ
∗
α,G,A − µˆ∗α,G,A)2C−1αα,G,A
+ (µδ,G,A − µˆδ,G,A)2C−1δδ,G,A
+ 2(µ∗α,G,A − µˆ∗α,G,A)(µδ,G,A − µˆδ,G,A)C−1αδ,G,A
χ2G,B = (µ
∗
α,G,B − µˆ∗α,G,B)2C−1αα,G,B
+ (µδ,G,B − µˆδ,G,B)2C−1δδ,G,B
+ 2(µ∗α,G,B − µˆ∗α,G,B)(µδ,G,B − µˆδ,G,B)C−1αδ,G,B,
in which the proper motions from Hipparcos correspond
to the primary. The C−1 terms are the relevant elements
of the inverse of the covariance matrix, which we com-
puted from the uncertainties and correlations given in
Table 2.
The model-predicted quantities ρˆ and θˆ in the expres-
sions above are a function of the elements of the rel-
ative orbit. The quantities µˆ∗α,H, µˆ
∗
α,G,A, and µˆ
∗
α,G,B,
and similar ones for the Declination components, were
computed by adding a perturbation to the p.m. of the
barycenter calculated from the temporal change in the
position in the orbit of the relevant star. For example,
µˆ∗α,G,A = µ
∗
α,0 + ∆µ
∗
α,G,A, in which the last term is the
derivative of the orbital position of the primary relative
to the barycenter at the time of the Gaia measurement
as listed in Table 2. Even though Hipparcos and Gaia
observed 80Tau during a finite period of time (about
2.5 and 1.7 years, respectively), those intervals are much
shorter than the orbital period, so we have considered
the proper motions to be effectively instantaneous.
In a similar fashion, we computed µˆ∗α,HG as
µˆ∗α,HG = µ
∗
α,0 +
∆α∗G,A[tα,G]−∆α∗H[tα,H]
tα,G − tα,H ,
in which the ∆α∗ quantities represent the position of the
primary relative to the barycenter at the mean epoch of
each catalog, and are easily calculated from the orbital
elements. A similar equation was used for µˆδ,HG.
The MCMC solutions were repeated several times to
manually fine-tune the uncertainties σρ and σt that we
assigned to each of the four groups into which we sep-
arated the visual observations (Section 2.1). This was
done to set the relative weighting among groups. During
each of those solutions we simultaneously allowed the
model to freely adjust the fρ and fθ factors in order
to balance the relative weight of the angular separation
and position angle measurements by setting the absolute
scale of their errors. This process led to the final σρ and
σt values given earlier in Section 2.1.
The results of our analysis are presented in Table 3,
with an indication of the priors used for each adjustable
parameter. The bottom section of the table gives the
derived quantities computed directly from the chains of
adjusted elements, including the masses, the linear semi-
major axis, and periastron distance a(1−e). The scaling
needed to compute these derived quantities is set by the
parallax, which we assumed to be uncorrelated with the
other properties, and which is given by the weighted aver-
age of the values in Table 2. We list this average parallax
in the table as well. In each case we report the mode of
the posterior distributions, along with the 68.3% cred-
ible intervals. Table 4 lists the correlation coefficients
among all adjustable parameters, with the highest ones
underlined.
The eccentricity, e = 0.915+0.020
−0.018, is found to be less
extreme than the latest reported value of 0.979 ± 0.011
by Izmailov (2019).7 Our semimajor axis is some-
7 We note that the study of Izmailov (2019) reported two orbital
solutions for 80Tau: one in which all observations were given equal
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Table 3
Results of our MCMC Analysis for 80Tau
Parameter Value Prior
P (year) . . . . . . . . . . . . . . . . . 172.5+2.0
−2.1 [2, 7]
a (arcsec) . . . . . . . . . . . . . . . . 0.908+0.044
−0.017 [−2, 2]√
e cosωB . . . . . . . . . . . . . . . . −0.897+0.058−0.025 [−1, 1]√
e sinωB . . . . . . . . . . . . . . . . 0.34
+0.13
−0.11 [−1, 1]
cos i . . . . . . . . . . . . . . . . . . . . . . −0.432+0.035
−0.058 [−1, 1]
Ω2000 (degree) . . . . . . . . . . . 10.8
+2.7
−4.7 [−180, 180]
T (year) . . . . . . . . . . . . . . . . . 1891.9+1.5
−1.7 [1800, 2000]
f ≡MB/(MA +MB). . . . . 0.402+0.040−0.043 [0, 1]
µ∗α,0 (mas yr
−1) . . . . . . . . . +106.41+0.23
−0.23 [80, 120]
µδ,0 (mas yr
−1) . . . . . . . . . . −25.72+0.25
−0.27 [−50, 0]
fρ . . . . . . . . . . . . . . . . . . . . . . . 1.487
+0.087
−0.074 [−5, 3]
fθ . . . . . . . . . . . . . . . . . . . . . . . . 1.454
+0.083
−0.071 [−5, 3]
Derived quantities
e . . . . . . . . . . . . . . . . . . . . . . . . . 0.915+0.020
−0.018 · · ·
ωB (degree) . . . . . . . . . . . . . . 159.2
+6.4
−8.6 · · ·
i (degree) . . . . . . . . . . . . . . . . 115.5+3.8
−2.1 · · ·
MA +MB (M⊙) . . . . . . . . . 2.72
+0.46
−0.17 · · ·
MA (M⊙). . . . . . . . . . . . . . . . 1.63
+0.30
−0.13 · · ·
MB (M⊙) . . . . . . . . . . . . . . . . 1.11
+0.21
−0.14 · · ·
q ≡MB/MA . . . . . . . . . . . . . 0.66+0.13−0.10 · · ·
pi (mas) . . . . . . . . . . . . . . . . . . 20.984+0.060
−0.060 · · ·
Distance (pc) . . . . . . . . . . . . 47.66+0.14
−0.14 · · ·
a (au). . . . . . . . . . . . . . . . . . . . 43.26+2.09
−0.80 · · ·
a(1 − e) (au) . . . . . . . . . . . . . 3.67+0.78
−0.79 · · ·
Note. — The values listed correspond to the mode of
the respective posterior distributions, and the uncertain-
ties represent the 68.3% credible intervals. All priors are
uniform over the specified ranges, except for P , a, fρ and
fθ, which are log-uniform. The parallax reported is the
weighted average of the values listed in Table 2.
weight, and another in which the measurements were weighted dif-
ferently. Both were computed using a least-squares method fol-
lowed by a Monte Carlo sampling experiment to infer uncertain-
ties. The adopted weights for the second solution resulted from
a complicated procedure that is not entirely clear to the present
author, apparently involving an assessment of measurement resid-
uals from different sources and also from other binaries, although
no specific details were given for 80Tau. The solution favored by
Izmailov (2019) is the one that uses different weights, which gives
the eccentricity we reported. In the other solution the eccentricity
is slightly smaller (e = 0.925 ± 0.019). However, it is puzzling to
see that the weighted solution has considerably larger uncertainties
for most of the elements than the unweighted one, some of which
are surprisingly large. The angular semimajor axis, for example,
was reported as a = 1.′′03±0.′′48, whereas the corresponding result
from the unweighted orbit is 1.′′02 ± 0.′′08. Similarly with the ori-
entation angles, which have uncertainties of tens of degrees in the
weighted model, versus single digits for the unweighted one. As
a result, the implied total mass of the binary from the weighted
solution (adopting the parallax in Table 3) is 4.0± 8.4 M⊙, which
is not only of little use but is also much worse than the value from
the unweighted solution, 4.0± 1.0 M⊙.
Figure 1. Observations of 80Tau along with our adopted model
from Table 3. The dashed line represents the orbit by Izmailov
(2019). Also shown in the top panel are the dates of the observa-
tions that did not resolve the binary (triangles).
what smaller compared to the estimates by both Baize
(1980) and Izmailov (2019), but larger than that of
Peterson & Solensky (1988). Our adopted model is
shown in Figure 1 along with the observations, with the
orbit by Izmailov (2019) added for reference (see foot-
note 7). We find that our orbit and that of Izmailov
(2019) provide an equally good fit to the observations af-
ter periastron, but that ours represents the earlier mea-
surements slightly better. Observations for which the ob-
servers reported the binary to be unresolved are marked
in the top panel of Figure 1 with triangles; they are seen
to be mostly at periastron, though a few have occurred
at other times reflecting the difficulty of detecting the
faint secondary, or perhaps poor observing conditions. A
rendering of the orbit in polar coordinates is seen in Fig-
ure 2. The predicted radial-velocity difference between
the components at the present time is only 2.1 km s−1,
and will increase very slowly to about 2.2 km s−1 by the
year 2025 and 2.3 kms−1 by 2030.
4. THE MASS-LUMINOSITY RELATION IN THE HYADES
Separate brightness measurements for the components
of the 80Tau binary are available from the Tycho-2 Cata-
logue (Høg et al. 2000). Conversion of those BT and VT
magnitudes to the Johnson system gives V -band mag-
nitudes of 5.674 ± 0.010 and 8.055 ± 0.016. Absolute
visual magnitudes then follow from the distance to the
system (Table 3), and are MAV = 2.283 ± 0.012 and
MBV = 4.664 ± 0.017, ignoring extinction. Although
brightness measurements for both components are also
given in the Gaia/DR2 catalog, the values for the sec-
ondary star in the blue and red bandpasses (GBP and
GRP) are very uncertain and potentially biased, accord-
ing to the accompanying quality flag, and we do not
use them here. Conversion of the flux measurements for
the primary to the Johnson system using the relation by
Evans et al. (2018) gives a value consistent with the one
above (V = 5.641± 0.046).
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Table 4
Correlation Coefficients Among the Adjusted Parameters of 80Tau
lnP +1.000 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
lna −0.420 +1.000 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·√
e cosωB −0.504 +0.984 +1.000 · · · · · · · · · · · · · · · · · · · · · · · · · · ·√
e sinωB −0.639 +0.906 +0.952 +1.000 · · · · · · · · · · · · · · · · · · · · · · · ·
cos i +0.498 +0.307 +0.168 +0.001 +1.000 · · · · · · · · · · · · · · · · · · · · ·
Ω2000 +0.742 −0.788 −0.876 −0.948 +0.289 +1.000 · · · · · · · · · · · · · · · · · ·
T −0.316 −0.631 −0.547 −0.451 −0.747 +0.193 +1.000 · · · · · · · · · · · · · · ·
f −0.158 +0.038 −0.016 −0.032 +0.195 +0.095 −0.072 +1.000 · · · · · · · · · · · ·
µ∗α,0 +0.151 +0.004 +0.053 +0.067 −0.132 −0.110 +0.035 −0.978 +1.000 · · · · · · · · ·
µδ,0 +0.143 +0.049 +0.104 +0.119 −0.171 −0.170 +0.005 −0.981 +0.971 +1.000 · · · · · ·
ln fρ +0.051 +0.013 +0.008 −0.027 +0.055 +0.034 −0.010 −0.028 +0.033 +0.032 +1.000 · · ·
ln fθ −0.065 +0.040 +0.043 +0.051 −0.061 −0.064 +0.013 +0.012 −0.016 −0.013 −0.019 +1.000
lnP ln a
√
e cosωB
√
e sinωB cos i Ω2000 T f µ
∗
α,0 µδ,0 ln fρ ln fθ
Note. — Correlation coefficients larger than 0.900 in absolute value are underlined.
Figure 2. Same as Figure 1 in polar coordinates, again showing
the orbit by Izmailov (2019) with a dashed line, for reference. The
direction of motion (retrograde) is indicated by the arrow. Thin
lines connect each observation with the predicted position in the
orbit. The plus sign marks the position of the primary, and the
dotted line is the line of nodes. Periastron is indicated with an open
circle at the bottom, labeled “P”. The epochs of the Hipparcos and
Gaia observations (1991.25 and 2015.5) are indicated with larger
cyan filled circles near the top.
These absolute magnitudes and our dynamical masses
offer a valuable opportunity to revisit the empirical MLR
in the Hyades, especially given that mass estimates (and
in some cases the absolute magnitudes) for some of the
previously known systems have been revised in recent
years. A summary of those revisions is presented below.
• θ2 Tau. The dynamical masses by Tomkin et al.
(1995) were improved by Torres et al. (1997c), and were
supplemented with absolute magnitudes derived from the
orbital parallax. Armstrong et al. (2006) made use of
new interferometric observations and the mass ratio from
the previous study, and revised the masses downward by
about 0.25 M⊙, also making the uncertainties somewhat
smaller. They replaced the orbital parallax of the system
with a dynamical parallax, but obtained very nearly the
same absolute magnitudes. Subsequently Lampens et al.
(2009) reported new spectroscopic results from spectral
disentangling that improved the mass uncertainties by a
factor of several, but made both masses larger again. In
the case of the primary (2.58± 0.04M⊙), which is a well
known δ Sct star, the result is formally larger than the
expected turnoff mass of the cluster (∼2.4 M⊙). This
is difficult to understand. A more recent disentangling
study by Torres et al. (2011)8 also resulted in small er-
rors, and an even larger primary mass (2.86± 0.06 M⊙)
that seems implausible for a main-sequence star in the
Hyades (see also the remarks by Brandt & Huang 2015).
It is unclear what may be causing these larger masses
from the spectral disentangling technique. Consequently,
and until those results can be understood, the determi-
nations by Armstrong et al. (2006) seem preferable.
• 51Tau. The original mass determinations by
Torres et al. (1997a) were revised by Martin et al. (1998)
using the Hipparcos astrometry combined with a relative
astrometric orbit from Balega & Balega (1988), which re-
sulted in a lower mass sum, a lower mass ratio, but signif-
icantly larger uncertainties. So¨derhjelm (1999) also com-
bined Hipparcos observations with ground-based data,
reporting masses closer to those from the original deter-
mination though again with larger uncertainties. The
details of his solution were not given. We have chosen to
accept the Torres et al. (1997a) results.
• 70Tau. The only published dynamical mass de-
terminations for this binary are those of Torres et al.
(1997b), which we adopt.
• θ1 Tau. The original mass determinations by
Torres et al. (1997c) were revised by Lebreton et al.
(2001) using the relative orbit from the previous study
and a slightly larger dynamical parallax than that em-
ployed earlier. The mass values are not very different,
but the uncertainties for the primary mass and for the
absolute magnitudes are slightly smaller, so we selected
those results.
• V818Tau. The mass determinations of
Schiller & Milone (1987) were slightly updated by
Peterson & Solensky (1988). The latest estimates of the
masses and absolute visual magnitudes of this eclipsing
system are those of Torres & Ribas (2002), which we
use in the following. The precision of the primary mass
is slightly improved.
The adopted values for these five binaries (excluding
8 No relation to the present author.
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Figure 3. Empirical mass-luminosity relation in the Hyades based
on the six binary systems in the cluster with dynamical mass deter-
minations for the individual components (Table 5). Square sym-
bols represent the estimates for 80Tau from this work. Isochrones
from the PARSEC series (Chen et al. 2014) are shown for ages
of 625 Myr (solid line) and 800 Myr (dashed), for a fixed cluster
metallicity of [Fe/H] = +0.18.
the giant primary of θ1Tau) are collected in Table 5 in or-
der of decreasing primary mass. Our own determinations
for 80Tau are added for completeness. To our knowledge
these are the only binary systems in the Hyades with dy-
namical mass determinations for the individual compo-
nents. While several other systems in the cluster have
known visual orbits, they can only provide a total mass
(when combined, e.g., with parallaxes from Gaia), and
are therefore not useful for our purpose.
4.1. Comparison with Models
The empirical mass-luminosity relation based on the
data in Table 5 is presented in Figure 3. Measure-
ments for 80Tau are represented with square sym-
bols. Stellar evolution models from the PARSEC se-
ries by Chen et al. (2014) corresponding to a metallic-
ity of [Fe/H] = +0.18 are shown as well, for ages of
625 Myr (e.g., Perryman et al. 1998) and also 800 Myr
(Brandt & Huang 2015). Other model isochrones such as
those from the MIST series (Choi et al. 2016) are almost
indistinguishable in this diagram, and are not shown.
The agreement between theory and observation is quite
satisfactory, with nearly all mass estimates being consis-
tent with the isochrones within the (admittedly large)
observational errors, some of which exceed 10%. The
highly asymmetric error bars for the masses of 80Tau
are a consequence of the shape of the posterior distribu-
tions.
While our choices above regarding the sources for the
dynamical masses of the five previously studied bina-
ries have generally been driven by the level of preci-
sion (formal errors), this is not necessarily a guaran-
tee of accuracy. We note, for example, that adopting
the masses of So¨derhjelm (1999) for 51Tau instead of
those of Torres et al. (1997a) would give a virtually per-
fect match to the models, though with larger error bars.
Similarly, the more uncertain masses of Torres et al.
(1997c) for θ2Tau agree better with theory than those
of Armstrong et al. (2006). Both of these may well be
accidental agreements. In any case, an underlying weak-
ness of many if not all of the Hyades mass determina-
tions is the fact that they have often used partial results
from earlier studies such as fixed visual orbital elements,
fixed velocity semi-amplitudes, fixed mass ratios, etc.,
rather than the original data on which those external
constraints were based. This is not optimal. In some
cases this was done because the original data were not
available. Although it is beyond the scope of the present
study, a reanalysis of several of these systems would be
beneficial, and could improve not only the precision but
also the accuracy of the mass determinations. For some
of the binaries more than 20 years have passed since the
last detailed analysis (which is longer than a full orbital
cycle even for θ1 Tau, with P = 16.3 yr), and new and
better observations may be available.
5. CONCLUDING REMARKS
We have measured the absolute masses of the compo-
nents of the Hyades visual binary 80Tau, only the sixth
system with individual dynamical mass determinations
in the cluster, and the first to be identified in more than
20 years. It is also the first case that does not rely on
radial-velocity observations, which are very challenging
here because of the long orbital period (∼170 yr) and the
rapid rotation of the primary star. Instead, we have suc-
ceeded in deriving the masses using only astrometric ob-
servations. The key ingredients supplementing the visual
measurements of the pair are the individual proper mo-
tions measured by Gaia for the two components, which,
combined with the p.m. for the primary from the Hippar-
cos mission, provide the only constraint available on the
mass ratio. We infer an orbit that is highly inclined and
very eccentric (e = 0.915), such that at closest approach
the two stars come within about 3.7 au of each other.
A vexing problem in the use of visual observations
for orbit computation is the assignment of realistic un-
certainties, which are rarely reported for the historical
measurements. While sensible, the weighting scheme
adopted for those measurements in this work is by no
means the only one possible. We note, for example
that an earlier analysis we carried out leading up to the
present one differed in three respects regarding the treat-
ment of errors: 1) the observations were separated by
date into three groups instead of four, giving lower weight
to the speckle measurements than we do now; 2) constant
errors in degrees were adopted for the position angles
within each group, instead of constant errors in seconds
of arc in the tangential direction, as we have done now to
account for the error dependence on angular separation;
and 3) no adjustment of the overall scale of the errors
was made to balance the position angle and separation
residuals, as done in the present work through the free
parameters fρ and fθ. Reassuringly, despite these dif-
ferences the mass estimates turn out to be very similar
between the two procedures, suggesting little dependence
on the details of how errors are assigned, at least in this
particular case.
Our mass determinations along with those of the five
previously known systems define an empirical MLR for
the cluster in good agreement with current models of stel-
lar evolution, given present uncertainties. We note, how-
ever, that several of the mass measurements —including
our own— still have relative errors exceeding 10%, and
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Table 5
Dynamical Mass Determinations in the Hyades Cluster
Binary System MA (M⊙) MB (M⊙) M
A
V (mag) M
B
V (mag) Source
θ2 Tau . . . . . . . 2.15 ± 0.12 1.87 ± 0.11 0.48± 0.08 1.61 ± 0.06 Armstrong et al. (2006)
51 Tau . . . . . . . 1.80 ± 0.13 1.46 ± 0.18 2.14± 0.10 3.75 ± 0.17 Torres et al. (1997a)
80 Tau . . . . . . . 1.63+0.30
−0.13 1.11
+0.21
−0.14 2.283± 0.012 4.664 ± 0.017 This work
70 Tau . . . . . . . 1.363 ± 0.073 1.253 ± 0.075 3.71± 0.10 4.05 ± 0.11 Torres et al. (1997b)
θ1 Tau . . . . . . . · · · 1.28 ± 0.13 · · · 4.02 ± 0.07 Lebreton et al. (2001)
V818 Tau . . . . 1.0591 ± 0.0062 0.7605 ± 0.0062 4.93± 0.09 7.23 ± 0.12 Torres & Ribas (2002)
some of those determinations are now quite dated. New
observations of higher quality may well be available in
many cases. It seems likely that some of the masses could
be improved considerably in both accuracy and precision
with a self-consistent reanalysis of all available observa-
tions that avoids using partial results from earlier studies
of these binaries. This would allow for a more stringent
comparison with stellar evolution models than possible
at this time.
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